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Abstract

A jet impinging on the ground plane in a low-
speed crossflow is studied computationally using
the OVERFLOW code with an unsteady low-
Mach number preconditioner. The results are
compared to experimental data to verify that the
gross features of the flow can be accurately sim-
ulated with reasonable efficiency on a computer.
The unsteadiness of the ground vortex is the focus
of the investigation with intent of predicting the
cycle of vortex formation, growth and collapse.

Introduction

The study of a jet impinging on a ground
in crossflow has been the subject of both
experimental[1–4] and numerical[5, 6] studies. Of
interest is jet powered V/STOL vehicle behav-
ior in near-hover conditions such as an F-35B(See
Fig. 1) during a vertical landing maneuver. Dur-
ing a landing, the jets of the vehicle are pointed
toward the ground and due to the interaction of
the jet with the ground, a ground vortex is cre-
ated. Issues such as the extent, location, strength,
and frequency of the ground vortex are crucial for
the safety of the ground crew and for assessing hot
gas ingestion effects on aircraft engine operation.
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Fig. 1 F-35B(JSF) aircraft in hover. Two jets,
one from the rear nozzle and one from a lift fan
in front of the compressor provide powered lift.
Image courtesy of Lockheed-Martin.

When the jet impinges on the ground, the air
flows radially outward from the point of impact.
A ground vortex is created in the shape of a horse-
shoe due to the presence of low speed cross flow
(See Fig. 2). Experimental studies of the jet with
and without crossflow were performed by Colin
and Olivari[1]. These demonstrated the ground
vortex and made observations about the location
of the vortex separation point, however, no un-
steady behavior is reported. Later experiments
by Cimbala et al. [2, 3] describe an unsteady
ground vortex behavior where the vortex forms,
bursts and forms again. Frequency and vortex
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location observations are reported and are used
for comparison in this paper. A more recent set
of experiments by Barata[4, 7, 8] focuses on the
turbulent aspects of the flow field.

Numerical studies of a jet in cross flow[5] and
V/STOL aircraft[6, 9, 10] have also been success-
fully performed. In the numerical investigation
of Ref. [5], the flow did not exhibit unsteady
behavior. In the studies of Refs. [6, 9, 10], an
entire Harrier aircraft is simulated with the com-
plex multi-jet flow field. However, experimental
verification of the ground vortex prediction is not
available. In the current paper, the focus is on un-
steady simulations of a single round jet in cross
flow with ground effect for comparison with the
experiments of Cimbala et al. [3].

The unsteady jet computations are obtained us-
ing the OVERFLOW code[11]. A preconditioned
dual-time scheme[12] is used in order to obtain
accurate results for the low speed crossflow with
reasonable efficiency. Results shown in this pa-
per demonstrate that the gross features of the
flow field are well represented and the unsteady
features associated with the ground vortex agrees
with the experiment.

The problem configuration of the Cimbala et
al. experiment[3] is discussed followed by a sum-
mary discussion of the numerical technique. A
solution which represents the gross features of
the flow field is then presented along with results
which mimic a smokewire to show time-dependent
behavior. The physical modeling aspect of the
computation is discussed next followed by a para-
metric study varying the crossflow velocity.

Problem Configuration

The present simulation is designed to match the
conditions in the experiment of Ref. [3]. The ex-
periment was conducted in a test section where
the top wall is 21 inches above the bottom wall.
A circular tube is inserted through the top wall
and is 16.5 inches in length leaving a 4.5 inch
gap where the free jet develops before it hits the
ground. The tube exit is 1.5 inches in diameter.
The walls of the wind tunnel are 48 inches apart
with the tube mounted at the center of the test
section. The problem configuration is shown in
Fig. 2.

The air exits the tube at a speed of 150 ft/s or
Mach 0.13. The speed of the air flow in the wind

Fig. 2 Jet in crossflow.

tunnel is 15 ft/s (Mach number of 0.013) and is
referred to as crossflow. The Reynolds number
based on the crossflow speed and jet diameter is
80000.

The flow field associated with the present test
case has flow features at several different scales.
The air flows out of the circular tube into the
test section generating lip vortices with a shed-
ding frequency of approximately 100Hz. A second
set of shed vortices created by the crossflow inter-
action with the cylindrical jet tube. The typical
frequency associated with this von Kármán vortex
street is approximately 10Hz.

Finally, when the jet impinges on the ground,
the air flows radially outward from the point of
impact. When this radially splaying flow meets
the crossflow, the result is a ground vortex in the
shape of a horseshoe around the free jet. The
ground vortex is fed by the jet continually and be-
gins to grow. This growth can not be sustained by
the flow field and eventually results in a chaotic
collapse of the the ground vortex. This “puff-
ing” behavior is observed to occur at frequencies
of O(1Hz)[3].

Computational Model

Equations of Motion
The OVERFLOW[11] Navier-Stokes flow solver

is used to perform the present computations.
The preconditioned dual-time stepping method in
OVERFLOW is based on the dual-time-stepping
methods presented in references[13, 14]. The
Navier-Stokes equations can be written in con-
servative form as

Γp
∂Q

∂τ
+

∂Q

∂t
+

∂E

∂x
+

∂F

∂y
+

∂G

∂z
= L(Q) (1)

where Q = [ρ, ρu, ρv, ρw, e]T is the vector of un-
knowns, E, F , and G are the inviscid fluxes and
L(Q) represents the viscous terms. Γp is the pre-
conditioning matrix. The artificial time term ∂Q

∂τ
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is introduced to the governing equations in order
to provide a relaxation (sub-iteration) procedure
between physical time steps. Termed dual-time-
stepping, the sub-iteration process is important
for ensuring efficient convergence of the time-
dependent solutions at each physical time step.
In combination with preconditioning, it also al-
lows the use of larger time steps to efficiently
capture the low frequency puffing of the ground
vortex. The preconditioning formulation is also
important for insuring accuracy at the low Mach
number conditions of the crossflow. In generalized
coordinates, the Navier-Stokes equations are dis-
cretized with first-order-accurate, Euler-implicit
discretization for the artificial time term, second-
order-backward difference discretization for the
physical time terms and central-difference dis-
cretization for the spatial terms to obtain

I + ∆τΓeS
−1
p Akδξ + ∆τΓeS

−1
p Bkδη (2)

+∆τΓeS
−1
p Ckδζ = ΓeS

−1
p Rk

where Q = J−1Q, Sp = Γp + 3
2

∆τ
∆t Γe, Γe = ∂Q

∂Qp
(a

transformation matrix between conservative and
primitive variables), A, B, and C are the flux Ja-
cobians and

Rk = −∆τ

(
3Q̂k − 4Q̂n + Q̂n−1

2∆t

)
(3)

−∆τ(δξÊ
k + δηF̂

k + δζĜ
k)

The variable n is the time step counter while the
variable k is the sub-iteration counter. Finally,
∆Q = Qk+1 − Qk. A diagonalized approximate
factorization algorithm[15] is used for the solu-
tion of this equation. When converged in artificial
time, this method is formally second-order accu-
rate in time.

Code Description
The dual-time preconditioned algorithm in

OVERFLOW is well-suited for treating multi-
scale problems. The problem of a jet in low-speed
crossflow has the low-speed oncoming flow which
can be treated with an incompressible method
and a jet which can be modeled with a compress-
ible technique. To capture both scales in the same
problem accurately, the low-Mach number pre-
conditioner for the compressible formulation of

OVERFLOW combined with the dual-time step-
ping algorithm is robust, efficient, and accurate.
This algorithm allows the user to choose the time
step appropriate for the problem being solved. In
the current work, the time step was chosen to
resolve the low-frequency puffing of the ground
vortex. The ability to efficiently use a larger time
step leads to a savings of one order of magnitude
in CPU time over a non-preconditioned scheme
for the current problem.

A low Mach number preconditioner based on
Refs. [14] is used to capture the M∞ = 0.013
crossflow accurately. Not using the low-Mach pre-
conditioner leads to excessive damping at these
conditions[12]. To ensure accuracy, 100 sub-
iterations per time step are performed for an
average sub-iteration convergence of 2 orders of
magnitude. A time step is chosen based on the
need to capture flow features on the order of 1Hz
with approximately 100 time steps. The imple-
mentation of a low Mach number preconditioner
for unsteady flows in OVERFLOW is discussed in
detail in Ref. [12].

Grid System

Unlike a full aircraft simulation, the single jet
has the advantage that there is no complex ge-
ometry involved. Thus, the choice of the mesh is
driven more by the need to capture the ground
vortex accurately. The overset, structured grid
approach[16, 17] is used with 14 overlapping
meshes. A representative view of these meshes
is shown in Fig. 3.

The 14 structured meshes resolve either a geo-
metrical or a flow feature. The geometric features
of interest are the wind tunnel walls, and the jet
tube. A cylindrical tube is placed at the center
of the mesh system and is defined by two meshes.
One mesh defines the walls and lip of the tube,
while the other mesh covers the region inside the
tube. A collar grid connects the tube to the top
wall. Each wall of the wind tunnel is specified
with an individual mesh. For the first cell next
to the ground y+ ≤ 1 where the boundary layer
remains attached. In the jet impingement region,
y+ ≤ 2 in the first cell.

The flow features of interest are the jet im-
pingement on the ground plane and the ground
vortex. In order to provide adequate mesh reso-
lution to capture these flow features, a mesh with
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Fig. 3 A part of the grid system. Side wall grids, top wall grid(cylindrical), vortex grid, jet grid
and lip grid are shown.

fine spacing is created for these regions. Due to
the flexibility of the overset grid system, most of
the 1.67 million points in the mesh are used to
capture either a boundary layer or the important
features of the flow.

Representative Solution

To illustrate the applicability of the dual-time
preconditioned method on the problem of inter-
est, the jet velocity is set to 150 ft/s (Mach 0.13)
in a crossflow velocity of 15 ft/s (Mach 0.013).
An overview of the flow field in Fig. 4 shows the
ground vortex is upstream (to the left) of the jet
and has a highly complex three-dimensional struc-
ture. The trailing von Kármán vortex street can
also be seen downstream of the jet tube. This
von Kármán vortex street has an approximate fre-
quency of 25Hz (St ≈ 0.2).

A cutting plane upstream of the jet in Fig. 5
shows the velocity vectors. A ground vortex with
height approximately equal to the jet diameter is
also present. This compares well with the mean
velocity plotted in Fig. 4 of Ref. [3]. The bound-
ary layer on the bottom wind tunnel wall can also
be seen in this figure.

A plot mimicing oil flow on the surface and on
the cutting plane along the centerline is shown
in Fig. 6. The ground plane reveals the horse-

shoe structure of the separation. In addition, the
oil patterns on the ground also reveal that there
are two separation lines with a reattachment line
between them. The oil flow in the cutting plane
captures the topology of the flow in the region of
the ground vortex and is depicted in Fig. 7. The
cutting plane shows two small, counter-rotating
vortices in front of the large ground vortex. A sep-
aration line (S2 in Fig. 7) divides the secondary
vortex from the ground vortex. Another vortex is
present near the oncoming flow separation (S1).
This vortex and the secondary vortex are divided
by a reattachment line (A). These two counter-
rotating vortices are also separated from the flow
field above by a saddle point which receives flow
from upstream and downstream and releases flow
up and down. Most of the oncoming flow bypasses
this entire structure of vortices and passes over
the top of the ground vortex. While this behavior
is characteristic of the flow field when the ground
vortex is dominant, in general the unsteadiness of
the ground vortex and the puffing behavior are
resposible for the repeated creation and collapse
of these features.

In order to ascertain if our results match the
unsteady behavior reported by Cimbala et al. [3],
we mimic the experimental measurements with a
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Fig. 4 Overview of the flow field for M∞ = 0.013, Mjet = 0.13. A ground vortex forms upstream of
the jet with a von Kármán vortex street behind the jet tube.

Fig. 5 Mean velocity vectors in the ground vortex region for M∞ = 0.013, Mjet = 0.13.
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Fig. 6 Typical oil flow on the ground plane and in a cutting plane through the center of the
domain.

Fig. 7 Typical oil flow on the ground plane and in a cutting plane through the center of the
domain.

computational equivalent of the smokewire. Par-
ticles are released from a vertical rake in the cen-
ter plane ahead of the vortex. The streak lines
are then computed to assess the behavior of the
vortex. In their experiments, Cimbala et al. de-
scribe a behavior of the flow field which can be
seen in a movie made from the present streak-
line calculations. Frames of the movie at regular
time interval are presented in Figs. 8. These fig-
ures show a single puffing cycle to illustrate the

unsteady behavior. Figures 8a and 8b show a vor-
tex in development and getting larger. Figure 8c
shows a vortex that is bending forward in order
to sustain its size. Figure 8d shows mass being
ejected by the vortex. Figure 8e shows the mass
being washed down stream and Figs. 8f-g show
the redevelopment of the vortex. The frequency
of the puffing is approximately 2Hz which com-
pares well to the value reported by Cimbala et al.
for these conditions.
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The behavior of the flow field is extremely un-
steady and three dimensional. The location, size,
and shape of the vortex changes continuously as
noted by Cimbala et al. However, the basic un-
steadiness can be described as a low frequency
puffing of the ground vortex. The unsteadiness of
the vortex matches that described by Cimbala et
al. including the cycle of vortex growth, violent
break up and the growth of a new vortex in its
place.

In addition, a highly three dimensional flow
field is seen in our simulations where the effect
of a puffing of the vortex is propagated from the
center of the vortex down stream and so the puff-
ing it self seems to propagate through the vortex
rather than the entire vortex puffing at the same
time.

Physical Model

In order to simulate a complex flow field, with
interactions such as a jet impinging upon a ground
plane, and a three-dimensional, unsteady, bound-
ary layer separation, an appropriate turbulence
model must be carefully chosen and applied.
The current work concentrates on the turbulence
modeling requirement to simulate the unsteady
ground vortex puffing described in the previous
sections. Fig. 9 shows eddy viscosity contours
through the lateral symmetry plane for a fully-
developed turbulent simulation using the stan-
dard Spalart-Allmaras turbulence model[18]. A
plot of eddy viscosity through the boundary layer
and ground vortex core along the line shown in
Fig. 9 is shown in Fig. 11. The eddy viscosity
within the ground vortex is very large – approach-
ing an order of magnitude larger than the eddy
viscosity in the wall-bounded regions. Such a
large turbulent eddy viscosity outside the bound-
ary layer is not physically plausible, and leads to
spurious results. In the current simulation, the
large eddy viscosity effectively “damps out” the
unsteadiness of the ground vortex puffing, and a
steady (non-physical) solution is obtained.

The cause of the large eddy viscosity values in
the vortex region is the production term in the
turbulence model. This is similar to the difficul-
ties encountered in applying standard turbulence
models at high angles of attack, which also leads
to strong vortices outside the boundary layer.
The standard two-equation and algebraic models

a) t=0.0 sec

b) t=0.08 sec

c) t=0.16 sec

d) t=0.24 sec

e) t=0.32 sec

f) t=0.40 sec

g) t=0.48 sec

Fig. 8 Smokewire time history: Snapshots of
Streak lines computed from a vertical rake for
the case of M∞ = 0.013 and Mjet = 0.13.
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Fig. 9 Eddy viscosity in the vortex region for
the Spalart-Allmaras turbulence model. The
solid vertical line corresponds to Fig. 11.
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Fig. 10 Eddy viscosity in the vortex region for
the Spalart-Allmaras turbulence model with a
production cutoff. The solid vertical line cor-
responds to Fig. 11.

also produce spurious eddy viscosity in such situ-
ations, and the production terms in the standard
models must be modified in some manner[19].
One severe approach is to treat the ground vor-
tex as an inviscid phenomena, and remove entirely
the viscous terms and turbulence model entirely
from this region. This leads to an unsteady flow
field, however the flow in very chaotic, and no
coherent structures form. The approach taken
in the current work is to limit the production
of eddy viscosity outside the boundary layer re-
gions, following Murman[19]. The eddy viscosity
contours for this production limit are shown in
Fig. 10. The values along the vertical bar are
plotted in Fig. 11. The eddy viscosity gener-
ated in the jet impingement and boundary layer
regions is convected into the ground vortex, and
then the turbulence in the vortex begins to dis-
sipate without any source of production. This
production-limited S-A model is used in all calcu-
lations presented here, and leads to the unsteady
vortex puffing shown in Fig. 8.
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Fig. 11 Eddy viscosity in the vortex region for
the Spalart-Allmaras turbulence model with a
production cutoff.

Wall Effects

In order to ascertain what effect the presence
of wind tunnel walls has on the flow characteris-
tics, a simulation is conducted without the wall.
The resulting solution exhibits the same unsteady
character with negligible change in the the ground
vortex puffing behavior. However, the flow field
does not have as much three dimensional varia-
tion. The vortex is always more coherent and the
puffing of the vortex is a symmetric phenomenon
occurring on both sides of the jet in unison. Fig-
ure 12 shows an overview of the flow field without
the walls. Once again, the von Kármán vortex
street is seen behind the jet tube and the horse-
shoe shaped ground vortex is present ahead of the
jet.

Variation of Crossflow Velocity

The representative solution demonstrated that
the correct flow physics can be obtained with ap-
propriate computational methods (e.g. low-Mach
number preconditioner) and proper modeling of
turbulence. To verify that the method is useful
over a range of conditions, the crossflow velocity
is varied and the vortex center height and sepa-
ration location are compared to the experimental
results of Ref. [3]. Figure 13 shows the vortex
center height as a function of V∞. The computa-
tional results compare well with the experimental
data. This verifies that as the crossflow velocity
increases, the vortex becomes smaller in height.

The separation distance for the separation
point S2 along the cutting plane in the center is
shown in Fig. 14 as a function of the crossflow
velocity. The numerical simulations predict the
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Fig. 12 Overview of the flow field for M∞ = 0.013, Mjet = 0.13 without wind tunnel walls.
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Fig. 13 Height of the center of the ground vor-
tex as a function of V∞. Comparison to Cimbala
et al.[3].

same trends as the experiment; the ground vor-
tex separation location moves farther from the jet
impingement as the oncoming crossflow velocity
decreases. Note that the oncoming flow separa-
tion (S1 in Fig. 7) was not mentioned by Cimbala
et al.
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Fig. 14 Separation location as a function of
V∞. Comparison to Cimbala et al.[3].

Concluding Remarks

The flow of a single round jet impinging on a
ground in low-speed crossflow is simulated using
the dual-time preconditioned method in OVER-
FLOW. Due to the robustness, efficiency and ac-
curacy of this algorithm, it is possible to compute
highly complex flow fields using a time step that
is commensurate with the unsteady flow behavior
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of interest. This leads to an order of magnitude
improvement in CPU time required over a non-
preconditioned system.

The results of the current simulation are com-
pared to an experiment by Cimbala et al.[3].
These results show that with proper turbulence
modeling and preconditioning, the gross features
of the flow field (e.g. the jet impingement, puff-
ing of the ground vortex, and von Kármán vortex
street) are recovered. Furthermore, the unsteady
behavior of the ground vortex is similar to that
of the Cimbala et al. experiment. The size of
the ground vortex is verified and the unsteady
frequency matches that of Cimbala et al.’s exper-
iment.
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